Background: According to the State Regulation Deficit (SRD) model event rate (ER) is an
Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is a life-span disorder which causes significant academic, social and behavioral problems. In principle identifying the neuropsychological deficits in ADHD could stimulate therapeutic innovation by helping to identify new targets for novel treatments (1) . Identifying which deficits are implicated in ADHD is complicated by a number of factors. First, children with ADHD, as a group, perform poorly on a wide range of laboratory tasks even when they are designed to tap very different neuropsychological processes (2) . Indeed, it is increasingly clear that there is substantial pathophysiologic heterogeneity in the ADHD population in terms of the specific patterns of deficits implicated -some individuals display one type of neuropsychological profile while others show a different one (2, 3) . For instance, while once thought of as the core deficit in ADHD, executive function deficits are reported in only a subset of individuals (4) .
Second, there is accumulating evidence for the context-dependent nature of deficits when they do occur -performance of an individual subject may vary from setting to setting as a function of the motivational and energetic state that they engender (5) . For instance, performance on a wide range of cognitive tasks is affected in non-specific ways by the rate at which stimuli are presented (i.e., event rate (ER)), which is determined by inter-stimulus interval (ISI) (6, 7) . These ER effects have been observed on tasks of different sorts including go/no-go (8), stop signal (9) vigilance (10) and associative learning (11) tasks. Such task nonspecific ER effects have been explained in different ways (5) . The most often invoked explanation is based on the cognitive energetic model of Sanders (12) . This extends the basic information processing framework by integrating concepts such as effort, arousal and activation so that task performance is influenced not only by cognitive capacities but also by environmentally-determined levels of activation and arousal and the extent to which variations in these can be managed to ensure optimal performance. The model predicts an inverted-U shaped curve relating cognitive energetic factors to performance with both over and under activation (linked to fast and slow ERs) having potentially adverse effects if not effectively managed (7). The state regulation deficit (SRD) model of ADHD, builds on this perspective. It postulates that children with ADHD have problems with effectively allocating their effort to properly regulate activation states (13). Because cognitive energetic processes are general rather than task specific, the SRD predicts that ADHD children's performance across a range of different tasks tapping a diversity of executive and non-executive processes will be adversely affected by either speeding up or slowing down the ER. More specifically the model predicts a pattern of ADHD-related under-activation and slow inattentive responding under slow ER, and fast impulsive responding, produced by over-activation under fast ER conditions.
An alternative explanation of ER effects on performance is provided by Delay
Aversion model (5, 14) . According to this model individuals with ADHD act on their environment to escape or avoid delay. In fixed delay situations this is said to be achieved by reallocating attention to more interesting stimuli that make time pass more quickly. Thus the DAv model predicts a pattern of task disengagement on longer trials with slower ER and longer inter-stimulus intervals (i.e., greater delay). As such it differs from the SRD model by predicting that performance of ADHD individuals will deteriorate in a linear fashion with longer intervals resulting in lower performance (i.e., adverse effects on slow but not fast ER trials).
To test predictions of the SRD model of ADHD we conducted a systematic review and meta-analyses of the effects of ER on performance on Go/No-Go (GNG) tasks. Our strategy was to focus on one task in order to optimize homogeneity. The GNG task was chosen as it has been used frequently with ADHD populations. In the GNG task participants are presented consecutively with a series of Go stimuli to which they have to make a simple choice response and then occasionally with an alternative No-Go stimulus to which they have to withhold their response. The task is well suited for testing the SRD model as it allows the estimation of variables in a range of performance domains: mean reaction time (MRT), errors of commission (EOC), errors of omission (EOO) and response time variability (measured by standard deviation of reaction time-SDRT). While the SRD model predicts general energetic, rather than cognitive process-specific effects, it makes some specific predictions with regard to different GNG performance parameters: Compared to controls, ADHD children are predicted to experience over-activation in the fast ERs and under-activated in the slow ERs (6, 7). This over-activation will produce more impulsive EOC during fast ERs. On the other hand, under-activation during slow ERs will produce slower and more variable MRT and a greater number of errors of omission (EOO) typical of inattentive performance. Two types of meta-analyses were performed to test these predictions. First, we estimated the differential impact of ER on ADHD vs. control performance as a function of different ERs presented within the same studies. We then attempted to replicate these within-study effects by using meta-regression techniques to test the extent to which ER levels in different studies explained the between study heterogeneity of ADHD vs. control performance differences.
Method

Search strategy
We searched Medline databases for studies published between January 2000 and December 2011. For this purpose, we used combinations of the term ADHD with the following keywords (using AND): reaction time, accuracy, continuous performance test, Go/No-Go, inhibition, event rate and inter-stimulus interval. Records were then screened for initial eligibility on the basis of titles and abstracts. Potential records were then screened on the basis of full-text articles. At this stage we removed studies where GNG paradigms had less than 50% Go trials. There was no age restriction and studies conducted with adolescent or adult participants were also included. Studies which used a highly variable range of ISI (variability >1sec) and did not report the results for each ISI were excluded. Self-paced and cued tasks were also excluded. In order to maximize homogeneity, tasks with additional stimuli (e.g., cue or feedback) were excluded from analysis as these would provide extra stimulation for subjects and the "real" ISI is therefore difficult to determine.
Coding, calculation and synthesis of the effect sizes
We undertook two analyses. Both analyses employed comprehensive Meta-Analysis software (version 2.2.057, Biostat Inc., NJ, USA). In both analyses the outcome variables were the MRT, EOC and SDRT. Too few studies (N=5) reported inattentive errors of omission in the slow ER and so this outcome, which would provide a more direct assessment of inattentive errors, was not included in the analysis. When summary statistics were not reported, effect size (ES) was extracted from test statistics (e.g., t values, means and p values) using the appropriate formula. The other extracted variables were mean age of each group, ISI used, the percentage of males in the ADHD and the control group, percentage of Go and No-Go trials in the task, number of trials, co-morbidity and the medication status. ER (i.e., interstimulus interval) was defined as the time interval between the onsets of two consecutive stimuli.
The first analysis was restricted to those studies where ER was manipulated as a within-subject variable (i.e., had trials with two or more ER levels). We used these data to estimate the differential effect of ER on ADHD vs. control performance for the variables The second analysis adopted a different approach in order to utilize all GNG studies meeting our entry criteria even where only one ER was employed. First, we calculated the SMD for ADHD vs. control effects for each outcome in each individual study using the same formula as in the first analysis. The SMDs were then combined across studies using the random effects method. The Q and I 2 statistics were calculated as an estimate of betweenstudy heterogeneity in SMD. We then performed a meta-regression to examine the independent effect of ER (as well as a number of other factors such as the difference between the percentage of the males within groups and age of the ADHD group) in predicting between study variation in ADHD vs. control SMDs on our three dependent variables. For the regression analysis, a random effects regression model was used (15) assuming a heterogeneous distribution of effect sizes for the studies sharing the same predicted value.
One difficulty with such a regression analysis is that more studies have used a fast or a moderate ER than a slow one. Thus there are fewer studies in the slow ER range which reduces our power to accurately estimate the effects of ER on performance. In order to address this point we maximized the number of studies with a slow ER by choosing data for the slowest ER condition when studies had more than one ER condition. We also conducted sensitivity analyses to explore whether the observed effects were dependent on the small numbers of studies with unusual age and gender composition. The first was related to ageand involved excluding all studies with a mean age above 11 (N=8). The rationale for choosing the age of 11 was to exclude studies conducted with adolescent populations and to explore whether the regression results were driven by effects in these samples of older participants. The second related to gender composition of samples; we excluded studies (N=7) with high difference for male percentage (>20) between clinical and control groups. In other sensitivity analyses we excluded studies (N=2) with a small number of trials (<50) and with fewer than 60% Go trials (N=3) to explore whether the regression results depended on confounding effects of studies with fewer number trials or lower percentage of Go trials. (See Figure 4 for forest plots). ES group x event rate was not significant (p value btw 0.03 and 0.11).
Results
Estimating the differential effect of ER using between study data
Twenty-five studies contributed to the MRT, 29 to the EOC and 22 to the SDRT analysis. One study contributed two independent data sets to each analysis: one comparing a pediatric ADHD group and the other an adolescent group along with separate age matched control groups (17). There was a significant between group effect overall -slower MRT was seen for ADHD samples (SMD= 0.28 (95% CIs 0.14 to 0.43). There was significant betweenstudy heterogeneity (Q(25)=67.15, p<0.001, I 2 =62.77). Variation in SMD between studies was significantly predicted by ER (z=2.88, p=0.004) and age (ES decreasing with increasing age, z=-2.43, p=0.02). However heterogeneity was still significant after including ER and age in the model (Q(24)=52.91, p=0.001; Q(20)=56.93, p<0.001 respectively). Figure 5 plots the MRT SMD as a function of ER. There was a significant overall group difference for EOC (SMD= 0.44, 95% CIs 0.34 to 0.54). There was also significant heterogeneity (Q(29)=46.07, p=0.02, I 2 =37.05). ER and age did not account for a significant proportion of the betweengroup SMD variance between studies (z=-0.65 p=0.51, z=-0.61, p=0.54 respectively) (see supplementary material for the scatter plot). For SDRT, the group effect (SMD=0.66; 95%
CIs 0.51 to 0.81) was highly significant. The between-study ES heterogeneity was also SMDs (z=0.4, p=0.69) (see supplementary material for the scatter plot). However there was an inverse relationship between age and SMDs (z=-2.29, p=0.02).
Sensitivity analyses
For MRT, restricting analyses to studies with participants under the age of 11 years and to studies with a small difference in gender composition had no effect on the results (z=2.14, p=0.03; z=2.5, p=0.01 respectively). For EOC the same restrictions did not change the results either (for age restriction z=-0.92 p=0.35; for gender restriction z=-0.4, p=0.68).
The sensitivity analyses for number of trials and % of Go trials were also not significant for none of the variables.
Discussion
Consistent with the predictions of the SRD model, GNG performance in ADHD was differentially affected by ER. First, both analyses found an impact of ER on the SMD between ADHD and control participants for MRT in the predicted direction: There was a disproportionate slowing of ADHD responding with reducing ERs. From an SRD perspective this effect is regarded as being due to under-activation in people with ADHD brought about by a failure to adjust their activation level according to the demands of long and boring tasks (6, 7). The second prediction -of a disproportionate increase in EOCs under fast ER condition in ADHD relative to controls -was also supported by the within-subject analysis.
However, this effect was weaker than for the MRT and the slope, although in the right direction, was not significant in the between-study meta-regression. This might be explained by the greater power in within-subject analysis due to taking into account the correlation between measurements. From the SRD perspective this increase in impulsive errors is due to the failure to moderate an over-activated state induced by the fast ERs (6, 7, 46) . Slower responding in slow ERs and more errors in the fast ERs is also consistent with a possible role altered response strategy in ADHD. A complete speed-accuracy trade-off (SATO) analysis requires access to trial-by-trial data which was not available in our case but future studies could examine contribution of these factors to the state regulation deficits. However, a provisional analysis of SATO based on averaged data for each study found no relationship between error rates and MRT.
Despite these positive findings implicating the effect of ER in ADHD performance, it is also clear that ER is not the sole determinant of ADHD-related deficits on GNG tasks. Both analyses found strong effects of group not accounted for only by ER:
ADHD children had longer MRTs and made more EOCs on both high and low ER trials. This conclusion is supported by the meta-regression analysis of between-subject design studies where ER accounted for only a proportion of the between-study heterogeneity. Across all variables, a substantial proportion of the ADHD group differences were not due to ER manipulations. Thus the current results are in line with previous research which found that although motivational and energetic factors, such as reward, can have substantial effect on ADHD performance, they rarely fully alleviate deficits -this could be due either to a common partial response or alternatively normalization in only a sub-group of individuals with ADHD (20, 28). If this latter case were true it would provide further evidence of neuropsychological heterogeneity in ADHD.
The negative result for SDRT is also worthy of further discussion given that response variability has been suggested to be a particularly important marker of state regulation problems in ADHD in the past (47). There are at least two possible explanations for the lack of an ADHD-specific effect of ER on this outcome. First, SDRT may not be a sufficiently sensitive measure of the energetic processes. For instance, increased variability in ADHD could be related to a number of different putative cognitive processes (20) such as motor timing (48), top-down executive control (49), impaired suppression of default mode network (50) and attentional lapses (47). Second, it has been suggested that response variability represents a non-specific finding which is seen in multiple types of disorders (28) . In this view SDRT, although associated with ADHD, may not be related to ADHD-specific processes but be a more general marker of psychopathology (51). However, this objection may also hold for MRT and EOCs. Thus, exploring the specificity of these outcomes for ER effects and finding more specific measures of state regulation deficits could be the aim of future studies.
Can other models explain the ER effects in the data? The Delay aversion model (DAv) longer RTs on slow ER trials is consistent with both of these models. However, neither DAv nor default mode network model make specific predictions about EOC and certainly would not predict a disproportionate increase of EOC on fast ER trials as found in the current study.
Thus, these models do not offer a parsimonious explanations of ER effects seen in this study.
At the same time ADHD is not a neuropsychologically homogeneous condition. Therefore it is quite possible that the association between ER and performance is multi-factorially determined with different patterns of deficits linked to SRD, DAv and the default mode interference, leading to problems attending on slow ER trials. The large SMD between ADHD and controls for the MRT effects compared to the EOC effects would be consistent with this.
While interpreting these results one needs to take into account of a number of limitations of the current analysis. First, the aim was to identify the effect of ER on performance and a number of studies have been excluded as they did not report ER explicitly or used a highly variable presentation rate. Therefore the summary effect sizes calculated do not represent all the studies published and should be evaluated carefully. Second, while between study variance can be explained partially by ER and age other factors such as task setup, instructions, severity of ADHD symptoms, diagnostic criteria and scales are likely to be important. The analysis of such factors is not within the scope of this study given the limited information available in specific papers relating to these factors. Although we could not analyze the specific factors that may cause this heterogeneity we took account of it by using a random effects model which assumes that the true effect size varies from study to study. In summary, the SRD model provides the most parsimonious explanation of the differential ER effects on the GNG performance of ADHD and control participants -more EOC on fast ER trials and longer RTs on slow ER trials. However, the finding that group differences exist over and above those related to ER and the possibility that other deficits could account for these differences highlight the neuropsychological heterogeneity in ADHD.
Therefore, future studies should aim to develop theories of ADHD which could better explain this sort of neuropsychological heterogeneity by modeling the presence of different deficits in different individuals in the ADHD population (54).
Acknowledgements
This study is supported by Fund for Scientific Research-Flanders
We The characteristics of the included studies are given in Table S1 . The means and standard deviations for each outcome are given in Table S2 .
As there were fewer studies with event rate (ER) manipulation and some of them did not report summary statistics to calculate the standardized mean difference, the results were obtained by personal communication with the authors for five studies (18, 20, 27, 31, 36) 1 .
Five studies reported separate summary statistics for different ADHD subgroups with comorbidities (20, 27, 37, 38, 42). These were collapsed to form a single ADHD group data. One study reported results in two different age groups (17). We treated these results as independent studies. In five studies (29, 30, 34, 39, 44) the reported variability parameter was the variability index (standard deviation divided by mean reaction time). As this index also reflected the intrasubject variability we included these results in the final analysis. However exclusion of these studies did not change any of the reported results.
For studies with manipulations in the Go/No-Go task such as using jittering interstimulus interval (34) or incentive conditions (19) the baseline conditions were used for effect size calculation.
Analysis of Within-Subject Design Studies with Sensitivity Analysis
As the correlations between different measurements are almost never reported in studies, we obtained the correlation coefficients for four studies via personal communication (Table S3) .
Based on these coefficients we ran a sensitivity analysis assuming a plausible range of correlation for the other studies. By this way we obtained highest and lowest possible range of synthetic effect sizes and p values.
Two studies (22, 32) used more than two ERs. For the analysis of these studies, we used the comparison between fastest and the slowest ER.
Meta-Regression
To calculate the effect of age on effect sizes, studies conducted with older age groups were excluded to ensure homogeneity of the regressor (17, 21, 41, 43). The regression scatter plots for the effect of inter-stimulus interval on commission errors and variability are presented in Figures S1 and S2. 
